Thrombopoietin (TPO) is a hematopoietic growth factor that plays fundamental roles is both megakaryopoiesis and thrombopoiesis through binding to its receptor, c-mpl. Although TPO has been shown to activate various types of intracellular signaling molecules, such as the Janus family of protein tyrosine kinases, signal transducers and activators of transcription (STATs), and ras, the precise mechanisms underlying TPOinduced proliferation and differentiation remain unknown. In an effort to clarify the mechanisms of TPOinduced proliferation and differentiation, c-mpl was introduced into F-36P, a human interleukin-3 (IL-3)-dependent erythroleukemia cell line, and the effects of TPO on the c-mpl-transfected F-36P (F-36P-mpl) cells were investigated. F-36P-mpl cells were found to proliferate and differentiate at a high rate into mature megakaryocytes in response to TPO. Dominant-negative (dn) forms of STAT1, STAT3, STAT5, and ras were inducibly expressed in F-36P-mpl cells, and their effects on TPO-induced proliferation and megakaryocytic differentiation were analyzed. Among these dn molecules, both dn ras and dn STAT5 reduced TPO-or IL-3-induced proliferation of F-36P-mpl cells by ϳ30%, and only dn ras could inhibit TPO-induced megakaryocytic differentiation. In accord with this result, overexpression of activated ras (H-ras G12V ) for 5 days led to megakaryocytic differentiation of F-36P-mpl cells. In a time course analysis on H-ras G12V -induced differentiation, activation of the ras pathway for 24 to 28 h was required and sufficient to induce megakaryocytic differentiation. Consistent with this result, the treatment of F-36P-mpl cells with TPO was able to induce prolonged activation of ras for more than 24 h, whereas IL-3 had only a transient effect. These results suggest that prolonged ras activation may be involved in TPO-induced megakaryocytic differentiation.
Thrombopoietin (TPO) is a ligand for the c-mpl proto-oncogene that is a member of the hematopoietin receptor superfamily with high sequence similarity to the receptors for erythropoietin (EPO) and granulocyte colony-stimulating factor. c-mpl is expressed in hematopoietic tissues, particularly in CD34 ϩ hematopoietic progenitor cells, megakaryocytes, and platelets, while its ligand TPO is detected primarily in the liver, kidneys, and smooth muscle, with lesser amounts present in the spleen and bone marrow (for a review, see reference 18). A number of experiments have shown that TPO stimulates proliferation and differentiation of megakaryocytic progenitor cells in vitro and in vivo (9, 43) . Furthermore, c-mpl-or TPOdeficient mice generated by gene targeting were reported to exhibit a striking decrease in the number of platelets and megakaryocytic progenitor cells (5, 12) . These findings indicate that the TPO/c-mpl system is a physiological regulator of platelet and megakaryocyte production.
Like the receptors for EPO, granulocyte colony-stimulating factor, and interleukin-3 (IL-3), the TPO receptor c-mpl does not contain any recognized kinase domain or enzymatic motif in the cytoplasmic domain. Upon ligand binding, however, c-mpl has been shown to transmit a series of biochemical events, including tyrosine phosphorylation and activation of the Janus family of protein tyrosine kinases (JAKs), signal transducers and activators of transcription (STATs), phosphatidylinositol 3 kinase, and Shc (8, 27, 29, 32) . Furthermore, recent studies done by using mutational analysis of the c-mpl cytoplasmic domain have provided some insights into the mechanisms of TPO-induced proliferation and differentiation. It was demonstrated that the membrane-proximal region including box 1 and box 2 motifs is required for both TPOinduced proliferation and activation of the JAK-STAT signal transduction pathway (13) . It was also reported that the membrane-proximal region is necessary for both TPO-induced proliferation and differentiation and that the distal region can transmit differentiation signals (28, 34) . Moreover, tyrosine-599 of c-mpl was found to be required for Shc phosphorylation and for inducing terminal differentiation of murine M1-mpl and WEHI3B-D ϩ -mpl cells into macrophages (1) . However, little is known about which signaling molecules are directly involved in TPO-induced proliferation and megakaryocytic differentiation.
In this study, therefore, we investigated the molecular mechanism of TPO-induced proliferation and megakaryocytic differentiation in a c-mpl-transfected, IL-3-dependent, human erythroleukemia cell line, F-36P-mpl, that can proliferate and then differentiate at a high rate into mature megakaryocytes in response to TPO. By using dominant-negative (dn) forms of STATs and ras, we show here that prolonged activation of ras Tokyo, Japan). Relative firefly luciferase activities were calculated by normalizing transfection efficiency to the renilla luciferase activities. The experiments were performed in triplicate, and similar results were obtained from at least three independent experiments.
Detection of an active, GTP-bound form of ras. An active, GTP-bound form of ras was detected as described by de Rooij and Bos (4) . Briefly, cDNA of the minimal ras-binding domain (RBD) of Raf1 (amino acids 51 to 131) was subcloned into the BamHI-EcoRI site of pGEX-2T in frame. Glutathione S-transferase (GST)-RBD fusion protein production was induced in E. coli by IPTG treatment. After sonication, the crude extract was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and GST-RBD fusion protein induction was confirmed by staining with Coomassie blue. A GTP-bound form of ras was pulled from the total cellular lysate obtained from 10 7 cultured cells and suspended in 500 l of radioimmunoprecipitation assay buffer by incubation with the GST-RBD protein precoupled with glutathione-Sepharose beads (Pharmacia AB, Uppsala, Sweden) for 1 h at 4°C. The beads were collected by centrifugation, washed with radioimmunoprecipitation assay buffer three times, boiled, and subjected to SDS-PAGE. Immunoblotting was performed with a murine anti-ras MAb (17) as described previously (24) . Immunoreactive proteins were visualized with the enhanced-chemiluminescence detection system.
RESULTS
F-36P cells expressing c-mpl show proliferation and megakaryocytic differentiation in response to TPO. F-36P is a human IL-3-dependent erythroleukemia cell line that undergoes erythroid differentiation in response to EPO (2) . On the hypothesis that this cell line might possess a potential to differentiate into mature megakaryocytes in response to TPO, we introduced a human c-mpl expression vector together with a Lac-R expression vector. After culture with hygromycin for 4 weeks, several hygromycin-resistant cells were obtained and then cloned. Of these clones, one (designated F-36P-mpl) was subjected to further analyses, because this clone showed the most intensive expression of Lac-R mRNA and could proliferate and differentiate at a high rate into mature megakaryocytes in response to rhTPO. First, cell surface expression of c-Mpl (the c-mpl product) in parental F-36P and F-36P-mpl cells was examined by flow cytometric analysis. In contrast to a barely detectable level of c-Mpl expression in parental F-36P cells, considerable c-Mpl expression was observed in F-36P-mpl cells (Fig. 1A) . Next, we examined dose-dependent effects of rhIL-3 and rhTPO on short-term (48 h) growth of parental F-36P and F-36P-mpl cells by a [
3 H]thymidine incorporation assay. Parental F-36P cells showed dose-dependent proliferation in response to rhIL-3 over a range of 0.1 to 100 ng/ml but not in response to rhTPO (Fig. 1B) . In contrast, proliferation of F-36P-mpl cells was stimulated by both rhIL-3 and rhTPO in a dose-dependent manner over ranges of 0.1 to 100 and 0.1 to 30 ng/ml, respectively (Fig. 1B) . When F-36P-mpl cells were cultured with rhTPO (30 ng/ml) for 7 days, their proliferation gradually declined after 4 days and almost stopped after 7 days, whereas they showed continuous growth when cultured with rhIL-3 (10 ng/ml) (Fig. 1C) . To examine the effects of rhTPO in the long-term (Ͼ4-day) culture, we examined the changes in morphological characteristics, surface phenotypes, and DNA content of F-36P-mpl cells after a 5-day culture with rhTPO. As shown in cytospin preparations, a substantial fraction (ϳ65%) of F-36P-mpl cells showed morphological alterations indicative of megakaryocytic maturation after the culture with rhTPO, whereas F-36P-mpl cells cultured with rhIL-3 were absolutely composed of small, undifferentiated blast cells ( Fig.  2A) . Next, we examined changes in the surface expression of megakaryocytic lineage-specific surface marker GPIIb/IIIa, which is a complex of integrins ␣IIb and ␤3, after a 5-day culture with rhTPO by flow cytometric analysis with anti-GP IIb/IIIa MAb AP2 (33) . As shown in Fig. 2B , GPIIb/IIIa expression significantly increased after the culture with rhTPO compared with that in the culture with rhIL-3. DNA content analysis revealed that 57.8% of F-36P-mpl cells cultured with rhIL-3 were in G 0 /G 1 (2N), 34% were in S phase, and 8.2% were in G 2 /M (4N) (Fig. 2C) . By contrast, a 5-day culture with rhTPO led to polyploid formation: there was a striking increase in the 4N fraction to 38% in addition to the appearance of 8N (28%) and 16N fractions (4%) (Fig. 2C) . These results suggested that the growth arrest observed in F-36P-mpl cells after long-term culture with rhTPO was due to megakaryocytic maturation.
TPO-mediated STAT phosphorylation in F-36P-c-mpl cells. It has previously been reported that STATs are activated by a variety of cytokines, such as TPO, EPO, and IL-6, and act as key regulators in cytokine-induced proliferation and differentiation (for reviews, see references 14 and 15). Since TPO was reported to activate various combinations of STAT1, STAT3, and STAT5 according to cell types (8, 27, 29, 32) , we examined the effects of rhTPO on tyrosine phosphorylation of STAT proteins in F-36P-mpl cells. As shown in Fig. 3 , stimulation with rhTPO for 15 min was found to induce tyrosine phosphorylation of STAT1, STAT3, and STAT5 in F-36P-c-mpl cells. Furthermore, the rhTPO-induced tyrosine phosphorylation of STAT1, STAT3, and STAT5 was also observed in cells that underwent megakaryocytic differentiation after 5 days of culture with rhTPO (data not shown).
Inducible expression of dn STATs and dn ras. To characterize the mechanism underlying TPO-induced proliferation and megakaryocytic differentiation of F-36P-mpl cells, we prepared several stable clones that can inducibly express dn forms of STAT1 (HA-STAT1F), STAT3 (HA-STAT3D), STAT5 (HA-STAT5 694F ), and ras (H-ras S17N ) (31, 40, 41) . As shown in a representative Western blot in Fig. 4A , addition of 0.5 mM IPTG to the culture medium led to induction of dn STAT1, dn STAT3, and dn STAT5 as early as 4 h, and their expressions reached a peak at ϳ24 h that was maintained for up to 72 h in the HA-immunoprecipitated proteins. Furthermore, Western blot analysis of the whole-cell lysates revealed that treatment with IPTG led to induction of dn ras in a pattern almost similar to that of dn STATs (Fig. 4B ). In addition, the induced dn ras was found to be far more abundant than was endogenous ras (Fig. 4B) . To evaluate the inhibitory effects of these mutants in each signalling pathway, we performed luciferase assays with reporter plasmids that included 3ϫ ISRE (transactivated by STAT1), 4ϫ APRE (transactivated by STAT3), 3ϫ ␤-Cas (transactivated by STAT5), and 3ϫ AP1 (transactivated by ras-mediated AP1). In the absence of IPTG, treatment with rhTPO stimulated the luciferase activity driven by 3ϫ ISRE 7.7-fold, that driven by 4ϫ APRE 12.4-fold, that driven by 3ϫ ␤-Cas 8.2-fold, and that driven by 3ϫ AP1 11.7-fold ( Fig. 4C) . Similarly, rhIL-3 stimulated the luciferase activity driven by 3ϫ ISRE 6.8-fold, that driven by 4ϫ APRE 8.5-fold, that driven by 3ϫ ␤-Cas 11.1-fold, and that driven by 3ϫ AP1 6.4-fold in the absence of IPTG (Fig. 4C) . By contrast, when dn mutant protein expression was induced by pretreatment with IPTG, both rhTPO-and rhIL-3-induced luciferase activities were severely reduced in all of the reporter plasmids. The rhTPO-induced activity reductions were as follows: 3ϫ ISRE, 1.5-fold; 4ϫ APRE, 2.7-fold; 3ϫ ␤-Cas, 1.8-fold; 3ϫ AP1, 2.4-fold. The rhIL-3-induced activity reductions were as follows: 3ϫ ISRE, 1.6-fold; 4ϫ APRE, 2.8-fold; 3ϫ ␤-Cas, 1.6-fold; 3ϫ AP1, 2.1-fold (Fig. 4C) . Furthermore, in F-36P-mpl cells transfected with an empty, IPTG-inducible vector, rhTPO and rhIL-3 were able to activate 3ϫ ISRE, 4ϫ APRE, 3ϫ ␤-Cas, and 3ϫ AP1 nearly the same way under both conditions with or without IPTG pretreatment, suggesting that IPTG does not affect rhTPO-or rhIL-3-induced reporter gene activities. Taken together, all of the dn mutants were considerably effective in impairing each signaling pathway.
Effects of dn mutants on TPO-and IL-3-induced proliferation. We examined the effects of these dn mutants on rhTPOand rhIL-3-induced proliferation. The cells of each clone were IL-3 starved for 24 h in the presence or absence of IPTG, cultured with various concentrations of rhIL-3 or rhTPO with or without IPTG for 48 h, and then subjected to a [ 3 H]thymidine incorporation assay. As shown in Fig. 5 , dn STAT1 or dn STAT3 did not affect rhTPO-or rhIL-3-induced proliferation. In contrast, dn STAT5 inhibited rhTPO-and rhIL-3-dependent proliferation by 29% (at an rhTPO concentration of 30 ng/ml) and 31% (at an rhIL-3 concentration of 100 ng/ml), respectively (Fig. 5 ). In addition, dn ras also inhibited rhTPOand rhIL-3-induced proliferation by 26% (at an rhTPO concentration of 30 ng/ml) and 28% (at an rhIL-3 concentration of 100 ng/ml), respectively (Fig. 5) .
Effects of dn mutants on TPO-induced megakaryocytic differentiation. Next, we examined the effects of dn mutants on TPO-induced megakaryocytic differentiation. Morphological analysis demonstrated that in the absence of IPTG, all of the dn STAT1, dn STAT3, dn STAT5, and dn ras clones showed megakaryocytic differentiation after a 5-day culture with rhTPO (30 ng/ml) but not with rhIL-3 (10 ng/ml) as in the case of the parental F-36P-mpl clone (Fig. 6 ). In the presence of IPTG, by contrast, rhTPO-induced megakaryocytic differentiation was found to be effectively suppressed in a dn ras clone but not in a dn-STAT1, dn-STAT3, or dn-STAT5 clone (Fig. 6 ). In agreement with data on the morphological analysis, furthermore, flow cytometric analyses revealed that both polyploid formation and GPIIb/IIIa expression induced by rhTPO were blocked by dn ras in the presence of IPTG, whereas dn STAT1, dn STAT3, or dn STAT5 had little or no effect (Fig.  7A and B) . ) (40) . Expression of the H-ras G12V protein was examined by Western blot analysis with anti-ras antibody before and after treatment with 0.5 mM IPTG (Fig. 8A) . Compared with cells transfected with the vector alone, F-36P-H-ras G12V cells were found to express significantly larger amount of ras protein after IPTG treatment for more than 4 h, indicating that the ras G12V protein was effectively induced in F-36P-H-ras G12V cells. When F-36P-H-ras G12V cells were cultured with rhIL-3 in the absence of IPTG, the cells were exclusively composed of undifferentiated blast cells (Fig. 8B, left panel) . In contrast, treatment with IPTG for 5 days in a medium containing rhIL-3 led to marked morphological changes indicative of megakaryocytic differentiation in about 75% of the cultured cells (Fig. 8B, right panel) , although most of the differentiated cells possessed one giant nucleus rather than the multilobular nuclei that were observed after treatment with rhTPO ( Fig. 2A and 6 ). Surface phenotypic and DNA content analyses revealed that the 5-day culture with IPTG resulted in increased expression of GPIIb/IIIa (Fig. 8C ) and in polyploid formation (Fig. 8D) . Similar results were also observed in a culture medium that did not contain rhIL-3 (data not shown). These results suggested that activated ras could confer megakaryocytic differentiation of F-36P-mpl cells. Sustained ras activation by TPO. In addition to TPO, various types of hematopoietic growth factors, including EPO, IL-3, IL-6, and SCF, are known to activate ras pathways, although these cytokines are not capable of inducing megakaryocytic differentiation. To determine the difference between TPO and other hematopoietic growth factors in ras activation, we transfected 3ϫ AP1-Lu into F-36P-mpl cells together with pSV2neo and performed a luciferase assay. Several of the G418-resistant clones (one of which was designated F-36P-AP1-Lu) were selected for further analysis, since in these clones rhTPO and rhIL-3 stimulated AP-1-driven luciferase activity in about the same way as in the transient assay whose results are shown in Fig. 4C . After serum and rhIL-3 starvation for 24 h, F-36P-AP1-Lu cells were cultured with rhTPO or rhIL-3 for up to 24 h, and expression of luciferase mRNA was examined by Northern blot analysis. Both rhTPO and rhIL-3 treatments led to similarly rapid induction of luciferase mRNA as early as 2 h (Fig. 9A) . In accord with the results in Fig. 4C , however, rhTPO induced more intensive expression of luciferase mRNA than did rhIL-3. Furthermore, rhTPO had a more durable effect on luciferase mRNA expression than did rhIL-3: rhTPO induced luciferase mRNA expression for more than 24 h, while rhIL-3 did so for up to 8 h (Fig. 9A) . Similar results were obtained with four independent clones other than F-36P-AP1-Lu cells (data not shown). These results suggested that ras pathway activation by TPO may be more effective in both intensity and duration than that of IL-3 in F-36P cells.
To further examine the changes in the activation state of ras, we measured the amount of an active, GTP-bound form of ras during treatment with rhTPO or rhIL-3. F36P-mpl cells were serum and IL-3 starved for 24 h and then stimulated with rhTPO or rhIL-3 for up to 24 h. Active, GTP-bound ras was pulled from total cell lysates by a GST-RBD fusion protein which binds to GTP-bound ras but not to inactive, GDP-bound ras (4) . After serum and rhIL-3 starvation, the active, GTPbound form decreased to an undetectable level. Treatment with rhTPO led to induction of GTP-bound ras at 1 h, and the elevation of ras-GTP levels was sustained for more than 24 h, whereas rhIL-3 showed only a transient effect on induction of GTP-bound ras (from 1 to 6 h) (Fig. 9B) . In contrast, Western blot analysis using total cell lysates revealed that the total amounts of ras did not change during both treatments. These findings coincided with the data on AP-1-driven luciferase mRNA (Fig. 9A ) and suggested that TPO is capable of inducing sustained ras activation. Time-dependent effects of H-ras G12V on megakaryocytic differentiation. We next examined the time-dependent effects of H-ras G12V on megakaryocytic differentiation. After treatment of F-36P-H-ras G12V cells with 0.5 mM IPTG for 24 h, the cells were washed and resuspended in IPTG-free medium, and then changes in the expression levels of H-ras G12V were examined by Western blot analysis for up to 12 h. The expression of F-36P-H-ras G12V significantly decreased 8 h after IPTG deprivation and became undetectable after 10 h, because expression of total ras protein returned to the basal level at 10 h (Fig.  10A) . To examine time-dependent effects of H-ras G12V , F-36P-H-ras G12V cells were initially treated with IPTG for the various periods indicated, washed, and cultured in an IPTG-free medium 120 h after the initiation of IPTG treatment. The morphological characteristics, surface expression of GPIIb/IIIa, FIG. 7 . Flow cytometric analyses of dn mutant clones after a 5-day culture (as described in the legend to Fig. 6 ) with rhTPO. DNA content was examined by staining with PI solution and analysis on a FACSort apparatus (A). Expression of GPIIb/IIIa was examined by staining with MAb AP2 (--) and a control Ab of the same isotype (---) (B). and DNA content of each sample were then analyzed. The treatment with IPTG for 8 h was not able to induce surface phenotypic change or polyploid formation (Fig. 10B) . The treatment for 10 and 12 h also failed to induce megakaryocytic differentiation in most of the cultured cells, although only a small proportion of the cells (10-h treatment, ϳ2%; 12-h treatment, ϳ10%) revealed megakaryocytic differentiation in cytospin preparations (data not shown). By contrast, morphological analysis demonstrated that treatment for 14 and 16 h led to megakaryocytic differentiation in about 30 and 50% of cultured cells, respectively (data not shown). These results were largely consistent with those of DNA content analysis showing a marked increase in the 4N fraction and the appearance of an 8N fraction after 16 h (Fig. 10B) . The treatment for 20 h was found to be about the same as that for 120 h in inducing polyploid formation and GPIIb/IIIa expression (Fig. 10B ). Since expression of the H-ras G12V protein was found to continue for about 8 h after IPTG deprivation (Fig. 10A) , activation of the ras pathway for 24 to 28 h was supposed to be required and sufficient for inducing megakaryocytic differentiation.
DISCUSSION
TPO is known to regulate growth and megakaryocytic differentiation of normal hematopoietic stem/progenitor cells (9, 43) . In addition, we and others have reported that TPO is capable of inducing proliferation and, albeit to a limited degree, differentiation of human leukemia cell lines, as well as acute myeloblastic leukemia cells (22-24, 28, 34) . However, the precise mechanisms underlying TPO-induced proliferation and megakaryocytic differentiation remain to be determined, largely due to the difficulty in preparing a sufficient number of normal megakaryocytic progenitor cells and also the lack of useful cell lines that show growth and megakaryocytic differentiation in a TPO-dependent manner. In this study, by generating F-36P-mpl cells that were unique in their ability to proliferate and differentiate at a high rate into mature megakaryocytes in response to rhTPO, we investigated the molecular mechanisms responsible for the TPO-dependent proliferation and megakaryocytic differentiation.
After binding of TPO to c-mpl, JAKs are known to be rapidly phosphorylated on tyrosine and activated as tyrosine ki- Detection of an active, GTP-bound form of ras during treatment with rhTPO or rhIL-3. F-36P-mpl cells were serum and rhIL-3 starved for 24 h and then stimulated with rhTPO (30 ng/ml) or rhIL-3 (10 ng/ml) for the times indicated. GTP-bound ras was pulled from total cell lysates by incubation with a GST-RBD fusion protein precoupled with glutathione-Sepharose beads. The beads were collected and subjected to SDS-PAGE. Immunoblotting was performed with a murine anti-ras MAb (17) . The total amount of ras was estimated by immunoblotting with an anti-ras MAb using total cell lysates.
FIG. 10. (A) Changes in H-ras
G12V expression after IPTG deprivation. F-36P-H-ras G12V cells were treated with IPTG for 24 h, washed, and then cultured in IPTG-free medium for up to 12 h. Changes in H-ras G12V expression were examined by Western blot analysis. (B) Time-dependent effects of H-ras G12V on megakaryocytic differentiation. F-36P-H-ras G12V cells were treated with IPTG for the times indicated, washed, and then resuspended in IPTG-free culture medium. At 120 h after the addition of IPTG, GPIIb/IIIa expression and DNA content were determined by flow cytometric analyses. nases; the activated JAKs, in turn, induce the phosphorylation of latent cytoplasmic proteins called STATs (8, 13, 28, 32) . Upon phosphorylation, STATs dimerize, translocate to the nucleus, and participate in transcriptional regulation by binding to specific DNA sequences (for reviews, see references 14 and 15). In F-36P-mpl cells, Western blot analysis and luciferase assays demonstrated that all of STAT1, STAT3, and STAT5 were phosphorylated on tyrosine and activated in response to TPO. However, only dn STAT5, not dn STAT1 or dn STAT3, could inhibit rhIL-3-and rhTPO-induced proliferation, by about 30%, suggesting that STAT5 is involved, at least partially, in the cell proliferation induced by TPO and IL-3. In mice, STAT5 is encoded by two highly related, chromosomally linked genes, those for STAT5A and STAT5B, and disruption of the STAT5A gene alone was shown to be sufficient to inhibit STAT5 activity (10) . It has recently been reported that although STAT5A-targeted mice undergo normal development without apparent hematopoietic abnormalities (21), macrophages obtained from the bone marrow of STAT5A-targeted mice showed a 33% decreased proliferative response to rh granulocyte-macrophage colony-stimulating factor compared with that of those from normal mice (10) . These findings, including ours, suggest that STAT5 is one of the signaling molecules used by hematopoietic growth factors to promote cell proliferation, although the growth-promoting activity of STAT5 could be replaced by other signaling molecules, such as other STATs or ras, in vivo.
Several lines of evidence suggest that STATs are involved in some aspects of cellular differentiation, as well as cell proliferation. It has recently been reported that STAT5 is involved in EPO-induced erythroid differentiation of the murine erythroleukemia cell lines ELM-I-1 and SKT6 (16, 41) , while the opposite result was obtained with the human IL-3-dependent erythrocytic leukemia cell line TF-1 (3). Furthermore, STAT3 has also been revealed to participate in IL-6-induced macrophage differentiation and in antiapoptotic signal transmission from IL-6 (11, 31) . In the case of F-36P-mpl cells, neither dn STAT5, dn STAT1, nor dn STAT3 could inhibit TPO-induced megakaryocytic differentiation, indicating that each type of STAT may not be involved at least in megakaryocytic differentiation of F-36P-mpl cells. This finding seems to be at variance with our previous results showing that STAT5 could play a role in TPO-induced megakaryocytic differentiation of CMK megakaryoblastic leukemia cells through induction of p21 WAF1 (17) . However, it is possible that STATs are associated with cellular differentiation in a manner dependent on the cell type or stage of differentiation. Since TPO is not capable of inducing p21 WAF1 expression in F-36P-mpl cells (unpublished observation), it would be important to investigate the role of STAT5 in p21 WAF1 induction in normal megakaryocyte progenitor cells. Furthermore, additional information about the target genes of each STAT would be particularly helpful in understanding the biological significance of STATs in cellular differentiation.
A number of previous studies have indicated that ras plays a crucial role in mitogenic signaling of various growth factors: the extracellular signals are transmitted from the cell surface receptor to a protein kinase cascade consisting of raf, MEK (mitogen-activated protein kinase [MAPK]-activating enzymes, also called MAPKK), and MAPKs through the mediation of a membrane-bound-form of ras (for a review, see reference 25). Activated ras has also been reported to drive the cells to leave the quiescent state (G 0 ) and to pass through the G 1 /S transition of the cell cycle through the induction of cyclin D1 (7, 20) . In accord with the previous findings, we show here that dn ras inhibits TPO-and IL-3-induced proliferation of F-36P-mpl cells by about 30%, indicating that the ras pathway is involved, at least partially, in TPO-induced proliferation. Furthermore, we provide unique evidence that prolonged activation (Ͼ24 h) of the ras pathway is essential for TPO-induced megakaryocytic differentiation of F-36P-mpl cells. This observation is in contrast to the previous findings that overexpression of constitutively activated ras led, in most cases, to a differentiation block in myoblasts, keratinocytes, B lymphoblasts, and 32D c13 myeloblastic cells (6, 19, 37, 38) . However, ectopic overexpression of constitutive activated N-ras was shown, exceptionally, to result in the induced neuronal differentiation of PC12 cells, a rat pheochromocytoma line (35) . In PC12 cells, treatment with nerve growth factor or fibroblast growth factor was shown to induce a sustained elevation of ras and ERK (extracellular signal-related kinase; MAPK) activities, leading to neuronal differentiation; epidermal growth factor, which did not cause neuronal differentiation, was found to stimulate only transient activation of ras and ERK (35) . Recently, it was reported that constitutive activated ERK induced megakaryocytic differentiation of K562 erythroleukemia cells and CMK megakaryoblastic leukemia cells, both of which can differentiate into megakaryocytes after treatment with phorbol esters (26, 42) . However, it was also reported that overexpression of constitutively activated MEK did not affect the growth and maturation stage of UT7-mpl cells that are capable of megakaryocytic differentiation in response to TPO (36) . In the case of F-36P-mpl cells, the MEK inhibitor PD98059 induced partial abrogation of megakaryocytic differentiation in both TPOstimulated F-36P-mpl cells and F-36P-H-ras G12V cells (TPOstimulated F-36P-mpl cells, ϳ35%; F-36P-H-ras G12V cells, ϳ60% [unpublished observation]). These results suggest that although MEK activation may be one of the downstream targets of ras for megakaryocytic differentiation, an additional signal(s) mediated through prolonged ras activation may be required to facilitate TPO-mediated megakaryocytic differentiation. Furthermore, since most of the megakaryocytes developed after introduction of constitutively activated H-ras G12V possessed one giant nucleus but not multilobular nuclei that were observed after treatment with TPO, it was also suggested that a c-mpl-mediated signaling cascade other than the ras pathway may also be involved in TPO-induced megakaryocytic differentiation. Further studies using this TPO/F36-P-mpl system will enable us to elucidate more precisely the mechanisms regulating megakaryopoiesis.
